A computer model using the alternating direction implicit (ADI) finite difference method to study twodimensional coupled soil heat and water flow with a partial surface mulch cover is developed. A new, simplified computational procedure, which has only tridiagonal matrix problems, for the ADI method is introduced. The model uses a soil surface energy balance equation to determine soil surface boundary conditions for both heat and water flow. The inputs required for the computer simulations are weather data, soil thermal and hydraulic properties, and mulch data. Numerical experiments are performed to examine the effects of soil type, mulch width, and weather conditions on soil heat and water movement. For continuous evaporation and drainage, 10-day simulations were performed for each combination of clay, loam, and sand soil and fractions of mulch cover of 0, 0.5, 0.8, and 1.0 of the row interval width. For repetitive evaporation and infiltration, 15-day simulations were performed. The mulch cover greatly reduces evaporation loss and the amplitude of daily soil temperature, water content, and pressure head variations. Large spatial variations in temperature and soil water content are predicted near the interface of mulch and bare soil surface. The soil hydraulic properties have important roles in controlling soil surface water content. The present model reasonably describes the soil thermal and hydrologic environments and thus can be applied successfully in soil science and groundwater hydrology and can be extended to related disciplines. 
INTRODUCTION
A mulch influences the soil surface radiation balance, the soil water evaporation rate, the soil temperature distribution, Simulation runs are made by using variable soil, mulch, and weather conditions. Ten-day simulations of soil heat and water flow are made for simultaneous evaporation and drainage conditions, and 15-day simulations are made for alternating evaporation, infiltration, and drainage. The results of the selected simulation runs are reported in graphical and tabular forms for both the thermal and the hydraulic environments.
MATHEMATICAL MODEL

Flow Region
The numerical model describes a system consisting of soil layer, mulch layer, and atmospheric layer. The crop residue mulch strips are assumed to be parallel and equally spaced. A schematic description of the flow region is given in Figure 1 , which shows the cross section perpendicular to the row direction. Because of symmetry, one section of the region, section ABCD, was considered in the model study. A rectangular coordinate system is used with origin A at the upper left corner of the flow region, x horizontally to the right, and z vertically downward.
Flow Equations
The flow equations governing the unsteady simultaneous heat and water flow were developed by Philip In the present study, the effects of water vapor on heat and moisture transport are included only at the soil surface. Subsurface vapor flow is not included, thus the model is best applied to humid and subhumid regions where prolonged drought periods that manifest subsurface vapor transport are less frequent. Consequently, (1) was changed to:
Equation (2) can be modified as follows:
•-• T '• -[-• h W = V' (KVh) --{•W (4)
where h is pressure head (m) and K is hydraulic conductivity (m/s). In this study the thermal liquid flow is assumed to be insignificant, as demonstrated by Milly [1984] for most soil water contents except very wet conditions, and (4) is reduced
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ADI Finite Difference Equations
Finite difference equations can be derived by replacing the differentials in (3) and (5) by difference expressions. For twodimensional flow problems, the ADI method has been used successfully [Selirn and Kirkham, 1973] . In the ADI method the finite difference equation is set up using one dimension implicit while leaving the other dimension explicit at a time and then changing the direction in the next time step.
The governing equations (3) and (5) can be changed into the ADI finite difference equations as follows:
for the even traverse (z direction). The superscripts represent time and steps, subscripts space steps, i the row index, and j the column index, and F is the specific water capacity. Figure  2 shows the finite difference discretization of the flow region.
At each traverse, (6) and (7), and (8) and (9) have 2(M)(N) simultaneous equations with 2(M)(N) unknowns, T and h at each node, where M and N are the numbers of columns and rows in the flow region, respectively. In principle, the equations (6) and (7) for the odd traverse and (8) and (9) for the even traverse have to be solved simultaneously for each time step. That means we have to solve a 2(M)(N) by 2(M)(N) matrix, which requires a lot of computation even though the matrix is banded with a band width of six in this particular case. To reduce the computation requirements, a modified procedure was followed by solving each set of (M)(N) simultaneous equations for each of (6) through (9) separately. This modification will not introduce large errors if a small time step size is used and will greatly reduce necessary computation inasmuch as, in each stage, (6) through (9) end up with a tridiagonal matrix that can be efficiently solved by using the so-called Thomas algorithm [Lapidus and Pinder, 1982] .
Equations ( 
(Az) 2 2Az The internodal coefficients such as hydraulic conductivity and thermal diffusivity as shown in (6) A no-flow boundary condition is a special case of the flux boundary condition and is much easier to handle than the nonzero flux boundary condition. In the present study, valuespecified boundary conditions were used for the top and bottom boundary conditions for the heat flow, no-flow boundary conditions for right and left boundaries for both heat and water flow, and nonzero flux boundary conditions for top and bottom boundaries for water flow. The soil surface boundary conditions for both heat and water flow are not explicitly known (input), but are implicitly determined by energy partitioning (discussed in Energy Balance Equation section).
There is a special requirement to keep a high accuracy in the ADI method for the intermediate time step boundary conditions for time dependent boundary conditions as described by Lapidus and Pinder [1982, pp. 251-253] . However, that requirement can be satisfied only for explicit value-specified boundary conditions. In this study, since the boundary condition, either value or flux condition, is implicitly determined by energy balance equation, the special requirement cannot be satisfied. At the intermediate time step, the boundary condition at the previous time step was assumed.
When employing value-specified boundary conditions, the value at each specified time is placed directly into the finite difference equation. To handle the flux boundary conditions in the finite difference method, imaginary nodes are introduced outside the flow regime [Lapidus and Pinder, 1982 ' Gilding, 1983] (6) to (9). The flux at node N can be handled similarly. The soil surface temperature and evaporation rate were determined by using an energy balance equation for the soil surface during dry weather. Infiltration rate and soil surface temperature during the rainy weather were determined from Darcy's equation and air temperature, respectively. In the energy balance approach, there is no need to worry about the potential and actual evaporation rates because the method directly calculates actual evaporation. However, the potential infiltration rate is governed by rainfall amount, whereas the actual rate is governed by both rainfall amount and soil infiltrability. Those two should be compared, and the smaller governs the actual infiltration rate. A unit gradient of total head was used for the water flow bottom boundary condition.
Energy Balance Equation
Soil surface temperature and evaporation rate were determined implicitly from the partitioning of the surface energy. A procedure described by Van Bavel and Hillel [1975, 1976] where THK is the thickness of the mulch layer, Dat m is the vapor diffusivity in air (m2/s), f is the mulch porosity, and r is tortuosity factor. This analysis does not consider convective transport of gas within the mulch layer, which, if present, will act to decrease r m. To determine the soil surface temperature and evaporation rate, the energy balance equation was solved. For bare soil, (14), (18), (19), and (24) were substituted into (13). All these equations are unknown functions of T•. Therefore an iterative root-finding method is used to solve Eq. (13) for T• (the surface temperature). The bisect method was used for root finding. The T s value from the previous time step was used as an initial guess, and the iteration was continued until the difference of T• in successive iteration was less than a predetermined tolerance. When T s was determined, the evaporation rate was also determined by (16).
For mulched soil, (14), (26), and (27) are substituted into (25). Then, the same procedure as in the bare soil was followed to determine the mulch surface temperature, Tm, and mulch heat flux, M s. With this M s as an input, (17), (24), (27), and (29) are substituted into (28) to determine the mulch-soil interface temperature, T•. The same iterative procedure as in the bare soil was followed to determine T•. As soon as T• is determined, the evaporation rate is also determined by (29).
Inputs Required for Computer Simulation
Specific weather, mulch, and soil parameters are required as inputs to solve soil heat and water flow problems. The weather inputs are daily global radiation, maximum and minimum air temperature, maximum and minimum dewpoint temperature, and average daily windspeed. The weather inputs are those at the height of 2 m above the ground. The mulch inputs are width, thickness, thermal conductivity, moisture diffusion resistance, porosity, and tortuosity factor. Soil parameters required as inputs are initial temperature and water content distributions, lower boundary temperature and water content as a function of time, soil surface emissivity as a function of 
•(0, n) = (n -1)(0 -0,) I
where O s and 0 r are saturated and residual water content, K s is saturated hydraulic conductivity at the reference temperature, h is absolute value of pressure head, and a and n are nonlinear regression parameters describing the shape of the soil water characteristic curve. The hydraulic conductivity should be corrected for temperature as: The numerical simulation provides several descriptions for draulic environment with particular focus on two representative simulations are given in this section. The focus is on the sand soil with a half-width mulch cover without rainfall.
Results from this simulation are discussed to display the abil- Table 5 shows the daily totals of evaporation, drainage, and the maximum and minimum water content and pressure head on the bare soil surface (node 8) of the sand soil with a halfwidth mulch cover. Rainfall is an important contributor to soil water movement. In this study, all the 0.08 m of rainfall for the 6 hours on day 3 is infiltrated into the soil. Though the outputs are not shown, the rainfall changes water content and pressure head near soil surface abruptly. It raises the evaporation rate and the volume of water stored in the flow region. It also increases the drainage rate when the infiltrated water reaches the bottom boundary. Table 6 summarizes the daily total water balance for differ- ent soil surfaces in the 0.35 x 1.0 m flow region in unit thickness on day 1 and day 10 for the 10-day simulations. As the fraction of the mulch width becomes larger, the daily evaporation becomes smaller as long as enough moisture is supplied to the soil surface. On the other hand, as the fraction of the mulch width becomes larger, the daily drainage becomes greater also. However, the effect of mulch cover on evaporation seems more important than drainage for causing differences in water storage. The effect of mulch cover on water storage at the end of the 10-day simulations was greater for the clay and loam soils than for the sand soil.
CONCLUSIONS
An ADI method was developed and used to make predictions of soil surface energy paritioning and of soil heat and water movement in a two-dimensional flow region with partial soil surface mulch cover. The conclusions based on the present simulation study are as follows:
1. The net radiation heat flux is much smaller and the sensible heat flux is much greater on the mulch than on the bare soil surface when the soil surface is relatively wet.
2. The net radiation energy is partitioned mainly to latent heat as long as the soil surface is relatively wet. It is used mainly for sensible and soil heat when the soil surface is dry.
3. The soil surface temperatures are very high when the soil surface approaches its residual water content because incoming net radiation is used to heat up the soil surface instead of to evaporate soil surface moisture.
4. The amplitudes of daily temperature, water content, and pressure head variation under the mulch are much smaller than those on the bare soil surface.
5. The amplitudes of daily temperature, water content, and pressure head variation decrease rapidly as soil depths increase.
6. The soil heat and water flow is nearly one-dimensional below a soil depth of 40 cm. 
